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We investigate the dissociative quantum dynamics of the HeRh21 ion field evaporated from a rhodium tip
in field-ion microscopy. Numerical predictions of isotope effects, rotational, and vibrational times of this
molecular ion are consistent with the experimental observations. Calculated dissociation field thresholds com-
pared to classical results suggest the importance of the orientational tunneling in the ion dissociation process.
Quantum calculations also reveal that dissociation dynamics takes place mainly via rotational and vibrational
excitations of the ion and often through the quasibound states supported by the effective interaction potential
of the ion. Furthermore, the time-of-flight spectra reveal fine structure associated with vibrational and rota-
tional excitations, which should be observable using high resolution detectors.I. INTRODUCTION
The dissociation of compound ions into a neutral atom
and an ion in high electric fields has been investigated for a
long time since Hiskes treated it theoretically as an atomic
tunneling phenomenon in 1961.1 Evidence of field dissocia-
tion was reported by Riviere et al. when an H21 ion beam
was passed through a high-field gap with an electric field
greater than 105 V/cm.2 Recently, Tsong et al. used field-ion
microscopy ~FIM! to study the dissociation dynamics of
HeRh21 in strong dc field of 4.5!;5.0 V/Å.3,4 The HeRh21
molecular ions are desorbed from the Rh tip surface with a
common orientation, because the ions are formed with He
atoms being field adsorbed atop kink-site Rh atoms. Thus, a
coherence in the rotation phases is achieved in the motion of
these ions in these experiments. The most interesting phe-
nomenon that they discovered is the large difference between
the dissociation field thresholds for 3HeRh21 and 4HeRh21.
Using a one-dimensional model, Tsong et al. interpreted
the isotope effect and the dissociation dynamics in terms of
barrier tunneling and the Wentzel-Kramers-Brillouin~WKB!
approximation.5,6 On the other hand, Yuan et al.7,8 used non-
linear dynamics to explore the dissociation dynamics which
involves couplings between translational, rotational, and vi-
brational degrees of freedom. In particular, they found en-
ergy transfer due to the rovibrational coupling seems to play
a dominant role in the dissociation process of the HeRh21
ion. In their work, Wei et al. elucidated the fractal structure
of the dissociation probability in the two-dimensional ~field
strength-initial rotational angle! parameters plane. The frac-
tal structure originates from two types of mechanisms, one
associated with the rotational saddle orbit and the other with
the vibrational saddle ~the moving potential barrier of a dc
field-distorted anharmonic oscillator!. These fractal struc-
tures give rise to the fluctuation in the dissociation probabil-
ity as a function of field strength. They also assigned the
trajectory type corresponding to each prominent peak in the
time-of-flight ~TOF! spectrum of Rh21. Although as shown
in their papers, the isotope effect does reveal itself in the
classical simulation, one is not certain about the roles that
atomic tunneling and zero-point energy play in this ion dis-
sociation process. In order to evaluate the importance ofPRB 610163-1829/2000/61~14!/9419~8!/$15.00quantum tunneling effects and to look for the quantum mani-
festation of the fractal dissociation behavior, one should
carry out a corresponding quantum calculation.
In this paper we investigate quantum dissociation dynam-
ics of HeRh21, which involve coupling of vibrational, rota-
tional, and translational degrees of freedom of the diatomic
ion in an inhomogeneous dc field. The organization of the
paper is as follows: In the next section we describe the split-
operator method for propagation of a two-dimensional
Schro¨dinger equation which is obtained by treating the cen-
ter of mass ~c.m.! motion separately and classically. Pseu-
dospectral methods are used both to calculate the eigenfunc-
tions of the unperturbed ~field-free! HeRh21 Hamiltonian
and for implementing the action of the field-induced cou-
pling term in the propagation of the angular part of the wave
functions. We present the results in Sec. III, where the dis-
sociation threshold for He isotopes are compared with the
experimental and classical results. From the Rh21 TOF spec-
trum, we can resolve the the dissociation dynamics and the
vibrational and rotational times of the HeRh21 ion in FIM. A
summary and discussions of possible future work are given
in Sec. IV.
II. NUMERICAL METHOD
In a field-evaporation experiment the molecular ions are
formed initially near the emitter surface. The positive charge
is essentially located at the Rh atom and the diatomic ion
rotates about the c.m. of the molecular ion under the dc field.
While rotating, the molecular ion is also vibrating and the
coupling between rotational and vibrational motions is the
main mechanism which leads to dissociation. Since the mo-
lecular ion moves in an inhomogeneous dc field, the overall
translational motion of the ion down the field also plays a
role in the dissociation dynamics.
With S as the distance of the c.m. of the ion from the tip
surface and R as the interatomic distance, the Hamiltonian of
the system can be written as
H5H01HS , ~1!
where9419 ©2000 The American Physical Society
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where V trans(S) is the potential of the inhomogeneous dc
field
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and the static field strength F(S) is given by
F~S !5
F0
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where M and m are the total and reduced masses of the ion,
n is the charge of the ion ~2 for HeRh21), c52/r0, and r0 is
the tip radius. The symbol h is the reciprocal of 1
1M 0 /m0,1 where M 0 and m0 are the atomic masses of Rh
and He. The units of quantities that we use are energy in eV,
distance in Å, and mass in atomic mass units. Based on the
effective medium theory, Tsong and Cole5 introduce an in-
teratomic potential Vvib(R) for the HeRh21 ion expressed by
Vvib~R !5
c2
R2
e2bR2 f 4~bR !
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where the damping function f n(x) is given by
f n~x !512e2x (
k50
n
xk
k! , ~7!
and the coefficients c2 , c4 , c6 , c8 are 8395, 5.8733, 6.0046,
and 25.52, respectively. By comparing computer simulation
with experimental results, Yuan et al.7 have determined a b
value equal to 5.47 Å21, corresponding to an equilibrium
distance of 1.573 Å and a dissociation energy of 0.904 eV
for the HeRh21 ion.
The above time-dependent Schro¨dinger equation has a
coupling term involving three variables, one of which is the
displacement of the center of mass S. For simplicity, we
assume that this degree of freedom couples only weakly with
the other two degrees of freedom and can be treated as a
classical variable representing the translational motion of the
molecular ion. The wave function for vibration and rotation
of the diatomic ion may be expanded in terms of partial
waves 9–12
C~R ,V;t !5(j50
jmax
C j~R;t !Y jm~V!, ~8!
and its time evolution is computed via the split operator
method13
C j~R;t1D!5exp@2iPR
2 D/4m#exp@2iVeff~R !D/2#
3exp@ inehF~S !R cos uD#
3exp@2iVeff~R !D/2#exp@2iPR
2 D/4m#C j~R;t !1O~D3!, ~9!
where V5(u ,f), Veff(R)5Vvib(R)1J2/(2mR2) and S is
governed by the equation of motion S˙ 5@2neF0 ln(1
1cS)/(2Mc)#1/2. Note that since the angle f is a cyclic coor-
dinate, its corresponding momentum m is a conserved quan-
tity. Thus the time propagation is carried out at fixed m and
the coordinate f never appears explicitly in the expansion of
the time-dependent state. The implementation of the action
of the split propagator in Eq. ~9! on the state C j(R;t) to
yield the subsequent state C j(R;t1D) proceeds as follows.
As is apparent from Eq. ~8!, our reference representation is a
coordinate representation for R coupled with a partial-wave
basis for u . The initial radial propagation @i.e., the outermost
exponential term in Eq. ~9!# is carried out by transforming
the radial part of C j(R;t) from the coordinate representation
to the momentum representation, in terms of which the ki-
netic energy propagator exp@2iPR
2/4m# is diagonal. After
multiplying with the radial propagator, we then transform the
radial part of the state function back to the coordinate
representation and multiply by the diagonal operator
exp@2iVeff(R)D/2# . The next step is to implement the action
of the central exponential term in Eq. ~9!, which contains the
field-induced angular coupling term. This has been carried
out in two distinct ways. Briefly, one may either ~1! expand
the exponential coupling term as a linear combination of
spherical harmonic functions9–12 and use angular momentum
coupling algebra to evaluate the matrix elements of this se-
ries in the spherical harmonic representation, or ~2! trans-
form of the angular part of C j(R;t) to a grid representation
in the coordinate u , multiply by the exponential coupling
operator ~which is diagonal on the grid! and then transform
back to the spherical harmonic representation again. By per-
forming a reverse cycle of operations as described above, the
action of the final two exponential operators in Eq. ~9! on the
state function is performed, and the propagation step from t
to t1D completed.
Of the two methods summarized above for computing the
action of the exponential angular coupling term, we have
found that the finite basis representation ~FBR! approach,
which expands the coupling term in series of spherical har-
monics, usually requires a greater amount of computing time
than the second method which involves a pseudospectral
transform to a discrete variable representation ~DVR! in the
coordinate u . Thus the pseudospectral approach is the pre-
ferred option for the present application. The DVR, a set of
spatially localized basis functions centered about Gaussian
quadrature points and constructed from orthogonal polyno-
mials, is a useful representation for the evaluation of opera-
tors which depend on the polar angle.14,15 Using the Gauss-
Jacobi quadrature, the orthogonality relations for the
associated Legendre function can be written as
E
21
1
Q jm~y !Q j8m~y !dy
5 (
a50
jmax
~12ya
2 ! umuP jm~ya!P j8m~ya!wa
5d j j8 , ~10!
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T jm
a 5AwaQ jm~ua!: j↔u , ~11!
defines the transformation from FBR to DVR.15,16 The col-
location points $ya5 cos ua% are zeros of Legendre polyno-
mial P jmax11,m50(y) and $wa% are weights of the
( jmax11)-points Gauss-Legendre quadrature.
Finally, we briefly outline the pseudospectral method17–19
used to calculate the field-free HeRh21 eigenstates
fn jm(R ,V) ~the index m and angle f effectively redundant
for reasons discussed above!. Let fn jm(R ,V)
[Ah8xn j(x)Y jm(V) with R5h(x), h85dh/dx and using
Gauss-Chebyshev quadrature, we have
xn j~x !5(
i51
N
gi~x !xn j~xi!, ~12!
where gi(x) is the cardinal function in Chebyshev basis and
$xi% i50
i5N are its collocation points such that gi(xk)5d ik . By
choosing h(x)5L(11x1C1)/(12x1C2), where L, C1
and C2 are scaling factors which map R into the interval
@21,1# , it may be shown17–19 that the wave function satisfies
the following equation:
(
i51
N
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The pseudospectral method which we have adopted above
proved very convenient and efficient. We note that there ex-
ist several other related methods20–22 which can also be used
to calculate the eigenfunctions rapidly and accurately with a
relatively small number of grid points.
III. RESULTS AND DISCUSSION
It is reasonable to assume that HeRh21 ions are formed
on the surface with a narrow distribution in the orientational
angle, u . They are then accelerated by the strong and inho-
mogeneous dc field and some of them dissociate in a zone of
width ’150 Å, centered at 220 Å above the emitter
surface.3,4 In our calculation, we will assume that the initial
state is in one of the HeRh21 eigenstates and to avoid the
sudden switching-on of the dc field, we assume that the dc
field at the surface is zero, consistent with the initial condi-
tion, and then the field increases rapidly to F0 within 25 fs
and then descends gradually as the molecular ion drifts down
the field. These assumptions will be discussed in detail later.The 4HeRh21 ion has 23 bound states for j50 whereas the
3HeRh21 potential supports only 20 eigenstates. The initial
states are prepared in the ground vibrational state n51 with
j50 or 1. The elapsed time of the ions in the field is 1.7 ps
and an absorbing boundary is set at 18 Å.
A. Rovibrational coupling and isotope effect
We show in Fig. 1 the time evolution of the vibrational,
rotational and total absorbed energies during the dc-field-
induced dissociation processes for 4HeRh21 and 3HeRh21
at F054.6 V/Å. The ion is assumed to be in the f100 state
initially. We can see that the maximal value of the rotational
energy of 4HeRh21 is about 24% higher than that of the
3HeRh21, but for the fluctuation of the vibrational energy,
Evib[^C(t)uPR2 /2m1Vvib(R)uC(t)&, the difference between
these two isotopic ions is about a factor 10. This results in a
22.8% overall dissociation probability for 4HeRh21 and
0.42% dissociation probability for 3HeRh21. This demon-
strates the isotope effect observed in both experiments and
theories.3,4,7,8 Yuan et al. proposed a classical mechanism for
FIG. 1. Time evolution of E vib ~lower solid line!, E rot ~upper
solid line! and Eabs ~upper dashed line!, in FIM inhomogeneous
field for 4HeRh21 and 3HeRh21 in ~a! and ~b!, respectively, for
F054.6 V/Å. The initial states are f100 with eigenenergies E105
20.03087 a.u. (20.8014 eV! for 4HeRh21 and E10520.03054
a.u. (20.8311 eV! for 3HeRh21. Evib is defined as ^PR2 /2m
1Vvib(R)&, E rot5^J2/(2mR2)&, and absorbed energy Eabs5Evib
1E rot2E10 where ^ & denotes an expectation value of C(t) and E10
is the ground rovibrational state energy defined in Eq. ~13!. The Evib
of 4HeRh21 is larger than that of the 3HeRh21. The peak-to-peak
interval of E rot is about 180 fs at the beginning.
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pendulum rotates in the field-ion potential first and then
transfers its rotational energy to the vibrational degree of
freedom via the rovibrational coupling every time when the
ion passes through the electric field direction, namely, u
52np .7,8 Figure 1 reveals this energy transfer process and
supports their interpretation. The difference between the di-
pole moments ~or torques! of these two isotopes is about
28% which is consistent with the difference of rotational
energy increases between the two isotopes. Figure 1~a! indi-
cates that rotational excitation promotes efficient energy
transferred into the vibrational degree of freedom. This
rotational-initiated vibrational excitation repeats itself sev-
eral times as shown Fig. 1~a!, which results in large disso-
ciation probabilities as discussed later @see Fig. 8~a!#. On the
other hand, the overall evolution of rotational energy is about
the same for these two isotopic ions. Note that the diminu-
tion of the rovibrational energy is partly due to the absorbing
boundary, by which the high vibrational state populations are
appreciably damped. This can be seen in Fig. 2, in which we
depict the dissociation probabilities, Pd , of 4HeRh21 and
3HeRh21, respectively, as a function of time. We use two
different definitions for the calculation of Pd , as defined in
the caption of Fig. 2. Although these two definitions of Pd
result in the same asymptotic dissociation probability as
F(S)→0, the overall behavior predicted by these two defi-
nitions are remarkably different. This difference implies that
FIG. 2. Dissociation probabilities Pd vs time corresponding to
Fig. 1, ~a! 4HeRh21 and ~b! 3HeRh21. The field parameters and
initial states are the same as Fig. 1. The bold solid line is the
dissociation probability Pd512^C(t)uC(t)& and the dotted line is
the dissociation probability Pd512(n ju^fn jmuC(t)&u2 where n , j
sum over all bound states.the ions dissociate mainly via quasibound states associated
with high rotational angular momenta. Ions are first excited
to the quasibound states, temporarily trapped near the equi-
librium distance, which eventually dissociate by tunneling
through centrifugal barrier. We note further that a beating
phenomenon is clearly revealed by one of the definition of
Pd . This may be due to the fact that the time-evolved wave
function is a linear combination of many partial waves. Fig-
ure 3 shows time evolution of the populations of the low
vibrational states and Fig. 4 that of the populations of differ-
ent ranges of rotational states. These two plots indicates that
the ion is initially excited to the high j and low n states, and
then energy is exchanged between these two degrees of free-
dom. This is consistent with the interpretation mentioned
above. From Figs. 1 and 4, the ion rotational period in a field
of 4.6 V/Å is about 1.8310213 s for an average ^ j&’50, ,
which are in good agreement with the semiclassical estimate,
1.87310213 s.23
B. Tunneling dissociation and orientational effect
Using the adapted parameter b that results in a reasonable
dissociation threshold in classical simulation7 when com-
pared to observations, we compute the dissociation prob-
abilities as a function of the field strength parameter F0 and
plot the results in Fig. 5 for 4HeRh21 and 3HeRh21. We
estimate that the threshold for 4HeRh21 is 3.4 V/Å about 0.6
V/Å smaller than the experimental value and the threshold
FIG. 3. Population evolution of vibrational states, Pn
5( ju^fn jmuC(t)&u2 of ~a! 4HeRh21 and ~b! 3HeRh21, where solid
line is for P1, dotted line for P2, and dashed line for P3. Summa-
tion of j is over all rotational states.
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than the classical results ~4.6 and 6.1 V/Å, respectively, for
4HeRh21 and 3HeRh21 ions!, indicating strongly that quan-
tum tunneling plays an important role in the dissociation
process. This may also mean that the potential we have used
is shallower than the true potential, meaning that the b value
may be larger than 5.47 Å21. No refinement of the b value
will be considered in this article. Furthermore, Fig. 5 shows
that the dissociation probabilities increase more slowly and
smoothly with F0 than the classical ones ~see Fig. 9 of Ref.
7!. Thus, the fractal structure of dissociation probabilities vs.
field strength seen in classical simulations is washed out by
the quantum average. Classical fractal behavior usually ap-
pears when the energy of the molecule is close to the rota-
tional saddle or vibrational saddle ~the tops of the energy
barriers!. This is usually due to the existence of homoclinic
tangling associated with these saddles. One possible reason
that the fractal behavior may be missing in quantum solu-
tions is that the phase space structure which influences the
classical dissociation dynamics may be smaller than the
Planck constant so that quantum mechanics does not see it.24
In other words, quantum results often smooth out fluctua-
tions due to classical chaos.24 Another unfavorable factor for
chaos to manifests itself in the present quantum calculations
is that we have only transient chaos and partial fractal
present in the classical results, due to the time-dependent
FIG. 4. Population evolution of rotational states P rot correspond-
ing to Figs. 1~a! and 1~b!. Bold solid line is the sum of populations
j51 –10 , that is ( j51j510P j where P j5(nu^fn jmuC(t)&u2. Dotted
line is j511–30, solid line is j531–40, and bold dashed line is for
j541–50. For j.64, there is no bound state for 4HeRh21 and
when j.553HeRh21 supports no bound state. nature of the problem. One expects that true chaos and com-
plete fractal will have better chance to manifest themselves
in quantum calculations.
There are a few factors that we should take into consid-
eration in comparing our results with experimental observa-
tions or classical simulations. These factors may partly con-
tribute to the deviation of dissociation thresholds and are
related to the approximations introduced in our quantum
treatment: First, we have neglected energy transfer between
the translational degree of freedom and rotational and vibra-
tional degrees of freedom. Secondly, in the present quantum
simulation we assume a rapidly increasing field at the begin-
ning, when the molecular ions flying away from the tip sur-
face. This assumption may not yield faithful dissociation
probability. Thirdly, the initial state is a spherically symmet-
ric j50 state which may not represent the experimental con-
straint well, for instance, the orientational angles of ions
formed on the tip surface. Furthermore, the use of field-free
eigenstate as an initial state is also questionable.
Concerning the third and last point, it would be intriguing
to investigate the dynamics for initial states with different
angular distribution. In Fig. 6 we plot the average angular
momentum for three initial states, f100 , f110, and f111 at
field strength 4.11 V/Å. The f110 of Fig. 6~b! has a large
probability density distribution along the FIM field direction
and results in large Evib as shown in Fig. 7~b! than the other
two initial states. We see that for the f111 initial state the
orbital angular distribution is perpendicular to the field direc-
FIG. 5. Dissociation probabilities of HeRh21 as functions of
field strength F0. Solid line is for 4HeRh21 and dashed line is for
3HeRh21. The threshold field difference between 4He and 3He is
about 1.0 V/Å where the dissociation field threshold is defined as
Pd’0.1%. The dissociation threshold is smaller than the experi-
mental estimate.
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which is smaller compared to those of f100 and f110 , 10%
and 21%, respectively. These results are consistent with re-
sults of Figs. 6~c! and 7~c!, which demonstrate the state-
dependent orientational effect of dissociation. More accu-
rately, we should use a linear combination of eigenstates as
the initial state which could take account of orientational
phase and temperature effects. Finally, Fig. 7 shows a rota-
tional interval of about 2.5310213 s at the earlier time of the
dissociation process when averaged over the three states,
while the average ^ j& is about 35 in Fig. 6 and the average
rotational period there is estimated to be 2.68310213 s.
Finally, we plot the TOF spectra in Figs. 8 and 9. It can be
seen there are pronounced peaks in Fig. 8 at F054.6 V/Å
that were predicted by classical simulations and one dimen-
sional calculations.6,7 The first peak separation is about
0.83310213 s in Fig. 8~a! consistent with Tsong’s calcula-
tion, 0.86310213 s. But the peak structure is more compli-
cated and the first peak appears earlier than Tsong’s estimate.
Our calculations show a dissociation zone of width 150
610 Å centered at 100 Å above the emitter surface, com-
pared to experimentally estimated values of 150 Å and 220
Å, respectively.4 One possible explanation for the displace-
ment of the zone center is the same as that given for the
smaller dissociation threshold observed in Fig. 5, that is,
4HeRh21 may have gained spurious energy from the field
and thence dissociated more quickly than it should. Further,
Fig. 8~b! shows that 3HeRh21 has a broader dissociation
zone at 200 Å due to its weaker dipole moment. To verify
FIG. 6. Average angular momentum ^ j( j11)&2 vs time for dif-
ferent initial states at F054.11 V/Å: ~a! f100 , ~b! f110 , and ~c!
f111 . We set \51. these quantum predictions, higher resolution would be re-
quired of the experimental measurements than has been
achieved to date. As we understand it, such a refinement is
not beyond the current technology.
Figure 9 shows the TOF spectra for three initial states
corresponding to those of Figs. 6 and 7 at F054.11 V/Å.
The spectral distributions are broader with a 270 Å dissocia-
tion zone due to slow rovibrational energy exchange in the
weaker field, resulting in a slow dissociation rate. The f110
state has greater dissociation probabilities, P rel , than the
other two for it has favorable orbital orientation as discussed
in relation to Figs. 6 and 7. The classical picture assumes that
the diatomic ions evaporate from the surface in a configura-
tion like an upside-down pendulum, making an angle p with
the FIM field direction, and they can dissociate only when
they rotate through the right amount of angle, that is, (2n
11)p , after they leave the tip surface.3 Therefore the time
for the ions to rotate to the right position is (n10.5)
3(rotation time). The dissociation of 4HeRh21 begins after
it rotates through an angle of 3p and the time that it takes is
about 2.78310213 s in Fig. 8~a!. On the other hand, the ions
dissociate when they rotate to 3p , 4.02310213 s and 5p ,
6.7310213 s in Fig. 9, where the most prominent peaks ap-
pear around the third rotational period ~from 402 fs to 670
fs!. This implies that 4HeRh21 ion dissociates mostly within
one rotational period of the second rotational time at F0
54.6 V/Å while it dissociates in a range of two rotational
periods around the third and fourth rotational periods ~402 fs
to 670 fs and 670 fs to 938 fs! in the weaker field of F0
54.11 V/Å. We believe that the TOF spectra are vague due
to overlapping between these two rotational periods in Fig. 9,
FIG. 7. Time evolution of Evib and E rot for three initial states
correspond to Fig. 6 at F054.11 V/Å.
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final note is that Fig. 9~c! is quite different in shape from that
of Figs. 9~a! and 9~b!, further suggesting a role of the initial
ion orientation in dissociation dynamics.
IV. CONCLUSION
We have investigated quantum dissociation dynamics of
HeRh21 ion in a strong inhomogeneous dc field in FIM ex-
periments. The calculated rotational time, vibrational time,
and isotope effects are consistent with the experimental re-
sults. In addition, the time-of-flight spectra and the width of
the dissociation zone have been studied in detail. The center
location of the dissociation zone above the tip surface and
the dissociation threshold are smaller than the values antici-
pated by experimentalists4 and may be attributed to the de-
coupling of the center of mass motion from the rovibrational
motion and to the other approximations introduced. An im-
provement over our treatment is to include the translational
degree of freedom in the Schro¨dinger equation, but this will
make the calculation unmanageable at the present time. In
our calculation, the computational time scales as O( jmax2 )
with the pseudospectral algorithm, and convergence of the
FIG. 8. Time-of-flight spectra of Fig. 1 for F054.6 V/Å, where
relative population, P rel(t), is defined by Pd(t1D)2Pd(t) and
Pd(t)512^C(t)uC(t)& with time step D54 a.u. ~0.0968 fs!. The
separation between the first and second peaks is about 83 fs in ~a!.
The upper axis is the coordinate of the center of mass, S. The
dissociation of 3HeRh21 is small and slow with respect to that for
4HeRh21 and results in a broad TOF.results necessitates jmax values as large as 450. Note that this
scaling is already significantly more efficient than the
equivalent FBR calculation, which scales as O( jmax3 ). A
single computational run consumed up to 20 days on a IBM
SP2 workstation ~P2SC processor! when 450 partial waves
were used to represent the effect of the angular coupling on
the wave packet at F054.6 V/Å. Given the quite intensive
cpu demands of the calculations, the use of semiclassical
methods to treat the translational coupling would seem to be
a reasonable approach at the present time.25,26 Another way
to overcome this difficulty is to employ numerical methods
which are more efficient than the present method. One pos-
sible option here is to optimize the angular FBR and DVR
representations, along the lines of Rasmussen et al.16 Suffi-
cient reduction in storage and cpu requirements may then
enable a fully quantum treatment of the translational degree
of freedom.
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